The majority of the enteric nervous system is derived from the vagal neural crest, with a second contribution, which is restricted to the postumbilical gut, originating from the sacral neural crest. In mammals, although sacral neural crest cells (NCCs) have been shown to enter the hindgut, information on their development and role remains scant. Our aim was to determine the migratory routes of sacral NCCs to the hindgut, their timing and site of entry into the gut, and their migratory behaviors and differentiation within the hindgut. METHODS: We used in situ cell labeling, whole embryo culture, immunofluorescence, organotypic culture, and time-lapse live-cell imaging in mouse embryos. RESULTS: Sacral NCCs emigrated from the neural tube at embryonic day 9.5, accumulated bilateral to the hindgut to form prospective pelvic ganglia at embryonic day 11.5, and from there entered the distal hindgut through its ventrolateral side at embryonic day 13.5. They then migrated along nerve fibers extending from the pelvic ganglia toward the proximal hindgut, intermingling with rostrocaudally migrating vagal NCCs to differentiate into neurons and glia. In organotypic culture, genetically labeled sacral and vagal NCCs displayed different capabilities of entering the hindgut, implying differences in their intrinsic migratory properties. Time-lapse live-cell imaging on explants ex vivo showed that sacral NCCs migrated along nerve fibers and exhibited different migratory behaviors from vagal NCCs. CONCLUSIONS: Murine sacral NCCs are a distinct group of cells that migrate along defined pathways from neural tube to hindgut. They exhibit discrete migratory behaviors within the gut mesenchyme and contribute neurons and glial cells to the hindgut enteric nervous system.
T he enteric nervous system (ENS) is responsible for regulating many important gut functions, including peristalsis. 1 Studies on chick and rodent embryos have shown that the intrinsic neurons and glia that comprise enteric ganglia within the gut are derived from the neural crest. 2 The majority of neural crest cells (NCCs) that colonize the gut originate from the vagal level of the neuraxis adjacent to somites 1 to 7. [2] [3] [4] [5] Another smaller but significant contribution that is restricted to the postumbilical ENS comes from a second, caudal region of the neuraxis, the sacral neural crest. [3] [4] [5] [6] [7] [8] Although the contribution of sacral NCCs to the post-umbilical ENS, and particularly the terminal hindgut, has been shown conclusively in chick embryos, information regarding sacral NCCs in mammals, including humans, is still scant and fragmentary. Importantly, the hindgut, defined as the second half of the transverse colon, descending colon, and rectum, is the most common site of congenital ENS abnormalities, such as Hirschsprung disease 9 and intractable constipation, 10 which lead to dysfunction of the intestine and can be lethal or life-threatening. Thus, there is a need to better understand the development and role of sacral NCC within the mammalian hindgut. Studies using 1,1=-dioctadecyl-3,3,3=3=-tetramethylindocarbocyanine perchlorate as an exogenous marker indicated that in the mouse, sacral NCCs contributing to enteric ganglia emigrate from the neural tube at the neuraxial level caudal to somite 24. 11 With the use of another cell marker, wheat germ agglutinin-gold conjugates (WGA-Au), our previous studies showed that NCCs caudal to somite 24 started their migration from the neural tube at around embryonic day (E) 9.5 and these early migrating cells mainly traversed dorsoventrally through the somatic mesenchyme between the somite and the neural tube. 12 Results of experiments using different genetic markers, kidney capsule grafting, and time-lapse videos [13] [14] [15] [16] also indicated that mouse sacral NCCs may follow similar migratory pathways to those in the chick. All these studies suggest that mouse sacral NCCs caudal to somite 24 start to emigrate from the neural tube at E9.5 and take about 4 days before they begin to appear within the hindgut mesenchyme at E13.5 to E14.0. However, their precise migratory routes and the exact timing and site of entry to the hindgut remain to be elucidated. Here, we mapped the entire migratory pathway of mouse sacral NCCs from the neural tube to the hindgut, determined the timing and the axial levels they enter the hindgut, and examined their migratory behaviors and fate within the hindgut.
Material and Methods Animals
Green fluorescent protein (GFP) mice (C57BL/6-Tg[ACTB-EGFP]10sb/J; Jackson Laboratory, Bar Harbor, ME), in which the ubiquitous expression of GFP was driven by the ␤-actin promoter, 17 and normal Institute of Cancer Research mice (Harlan, Oxfordshire, UK) were used. The morning when a vaginal plug was identified was designated as E0.5. All experimental protocols and animal handling procedures adopted in the present study were approved by the Animal Experimentation Ethics Committee (ref. no. 08/020/ERG and 461808) of the Chinese University of Hong Kong and were consistent with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Sacral NCC Labeling, Whole Embryo Culture, and Reconstruction of Images
Pregnant mice were sacrificed at E9.5 and embryos dissected. A dark-red solution of WGA-Au 18, 19 was microinjected into the lumen of the sacral neural tube caudal to somite 24 ( Figure 1A ). The labeled embryos were cultured in Dulbecco's modified Eagle medium (Invitrogen, Carlsbad, CA) with 20% heat-inactivated rat serum and 1% penicillin/streptomycin, as described previously, 12, 20 then processed for silver enhancement staining 18, 21 after serial transverse sectioning. Reconstruction of images was performed with Neurolucida software (Microbrightfield Inc, San Diego, CA).
Tissue Recombination in Organotypic Explant Culture
Explants of gut segments and isolated pelvic ganglia were recombined ex vivo and cocultured in an organotypic culture system. 22 Briefly, the hindgut, with a short pre-cecal midgut segment (about 0.5 cm in length), was isolated from Institute of Cancer Research mouse embryos at E11.5 in Dulbecco's modified Eagle medium/F12 medium (Invitrogen) to serve as the recipient tissue. Pelvic ganglia and segments of the rostral half of the hindgut plus a short pre-cecal midgut segment were isolated from GFP mouse embryos at E12.5 and were used as the donors of sacral and vagal NCCs, respectively. One recipient hindgut segment was then transferred to an organ culture dish (Falcon; Becton Dickinson, Franklin Lakes, NJ) containing culture medium (Dulbecco's modified Eagle medium/F12 medium containing 0.12% sodium bicarbonate, 10% fetal bovine serum, and 1% penicillin/streptomycin). The 2 ends of the gut segment were fixed to an agarose block (4%) by fine tungsten needles (Fine Science Tools, Foster City, CA). A GFP-labeled donor pelvic ganglion or a segment of the rostral half of the donor hindgut was apposed to the ventrolateral or dorsal side of the recipient hindgut. Recombined explants were cultured with 5% CO 2 at 37°C for 2-3 days.
Time-Lapse Confocal Microscopic Live-Cell Imaging
One to 2 days after culture, the recipient gut together with the attached donor tissue was transferred to a glass culture dish filled with culture medium, which was then put in a culture chamber (Tokai Hit Co, Shizuoka-ken, Japan) at 37°C supplied with 5% CO 2 on the stage of a confocal microscope (Olympus FV-ASW1.6) equipped with time-lapse, multifluorescence recording software (FV10-ASW ver.01.07). The cultured explants were scanned with a 20ϫ objective every 20 minutes. Each image was stacked from 10 -15 optical sections of 15-20 m taken at each time point.
Immunohistochemistry
For double or multiple immunofluorescence staining of wholemount preparations and sections antibodies listed in Supplementary Table 1 and standard procedures developed previously in our laboratory were used. 23 
Results

Early Migration Pathways of Sacral NCCs
Premigratory sacral NCCs were labeled by microinjection of WGA-Au solution into the lumen of the sacral neural tube (caudal to the level of somite 24) of mouse embryos at the 22-somite stage (ss) (E9.5) that were grown ex vivo by whole embryo culture ( Figure 1A ). The migratory pathway was reconstructed from images of serial transverse sections through the sacral region ( Figure 1B) . At the 26ss (8 h in culture, n ϭ 5, E9.5), a few labeled cells started to emigrate from the dorsal neural tube and accumulated at the dorsal tip of the somite, mainly at the level of somites 24 and 25 ( Figure 1C , Supplementary Figure 1A ). At the 30ss (16 h in culture, n ϭ 5), labeled cells were scattered among sclerotomal cells between the dermomyotome and the neural tube ( Supplementary Figure 1B) , spreading along about half of the dorsoventral extent of the neural tube at the axial levels of somites 25 to 28 (Supplementary Figure 1B) . By the 34ss to 36ss (24 h in culture, E10.5, n ϭ 5), labeled cells were spread dorsoventrally from the dorsal part of the neural tube to the regions around the dorsal aorta ( Figure 1D ), and many of them were scattered throughout the anterior and posterior regions of somites 24 to 30 ( Figure 1D ). No labeled cells were found emigrating from the neural tube caudal to the level of somite 33.
Neural crest-derived WGA-Au-labeled cells were characterized using p75 and Sox10 immunoreactivity, the only neural crest-specific antibodies that successfully labeled these cells from all those tested in Supplementary Table 1 . Premigratory sacral NCCs residing in the neural tube were p75 Ϫ /Sox10 ϩ at E9.5 (Supplementary Figure 2 ), but 1 day after labeling, WGA-Au-labeled sacral NCCs from the neural tube started to express weak p75 together with strong Sox10 immunoreactivities (not shown). Some of these doubly immunoreactive cells coalesced to form dorsal root ganglia and expressed strong p75 and Sox10 immunoreactivities ( Figure 1Ei 
Formation of Pelvic Ganglia and Entry to the Distal Hindgut
At E11.5, sacral NCCs (p75 ϩ /Sox10 ϩ ) were scattered along the dorsoventral pathway extending from the neural tube through the somatic mesenchyme lateral to the dorsal aorta to the regions dorsolateral to the hindgut, where they aggregated to form the prospective pelvic At E12.5, more sacral NCCs (p75 ϩ /Sox10 ϩ ) were found in the pelvic ganglia (Figure 2Bi -iv), which had already shifted more ventrally to the lateral sides of the distal hindgut (Figure 2Fi ), and some of them were also Tuj-1 ϩ (Figure 2Bi,iii,iv) . Interestingly, some of sacral NCCs within the pelvic ganglia also expressed Ret (Figure 2Fii ). Within the hindgut, vagal NCCs (also p75 ϩ /Sox10 ϩ ) had progressed rostrocaudally to colonize the proximal half of the hindgut (Figure 2Bi ), but no p75 ϩ /Sox10 ϩ cells were yet found in the distal hindgut at this stage ( Figures  2Bi-ii, Fi) .
At E13.5, a few p75 ϩ /Sox10 ϩ cells, most probably sacral NCCs from the pelvic ganglia, were located inside the most distal part of the hindgut, where they were in close association with Tuj-1 ϩ nerve fibers extending from pelvic ganglia (Figure 2Ci-iv) . The migration front of the interconnected vagal NCCs (p75 ϩ /Sox10 ϩ ) in the proximal hindgut was now close to, but not yet in contact with, sacral NCCs (also p75 ϩ /Sox10 ϩ ) in the distal hindgut. Six hours later at E13.75, sacral NCCs migrated caudorostrally toward the proximal hindgut and were very close (around 100 m) to the rostrocaudally migrating vagal NCCs (Figure 2Di-iv) . Vagal NCCs formed interconnected chains of cells (Figure 2Dii, iv) , whereas sacral NCCs were scattered along nerve fibers extending from the pelvic ganglia (Figure 2Dii-iv) . In sagittal sections, a clear area devoid of NCCs separated these 2 populations of NCCs (Supplementary Figure 5B, B=) .
By E14.5, sacral NCCs had already intermingled with vagal NCCs and were morphologically indistinguishable from them (Figure 2Ei-iv) . In transverse sections (at the level of the sacral vertebra S3), a stream of sacral NCCs extended from each pelvic ganglion to the hindgut mesenchyme (Figure 2Fiv) . Some of these sacral NCCs were Ret-immunoreactive (Figure 2Fv ). Sagittal sections showed that both sacral NCCs (p75 ϩ /Sox10 ϩ ) and vagal NCCs (also p75 ϩ /Sox10 ϩ ) were located in the region of the myenteric plexus (Supplementary Figure  5C -C=).
Tissue Recombination in Organotypic Culture Demonstrates Sacral NCC Migration and Differentiation
Next, we examined the migration properties of sacral NCCs at the time of entry to the distal hindgut using organotypic culture. Pelvic ganglia, which served as donors of GFP-labeled sacral NCCs, were apposed to the ventrolateral side of recipient hindguts ( Figure 3A) . GFPpositive cells migrated from the pelvic ganglion into the distal hindgut after 3 days in culture (Figure 3Bi ). All GFP ϩ cells in this distal region expressed p75 (Figure 3Bii , Ci-iii) and most of them (86.23% Ϯ 5.45%, n ϭ 19) were also Sox10 ϩ (Figure 3Ciii, iv) , indicating that GFP ϩ cells were sacral NCCs that migrated from the donor ganglion. Endogenous vagal NCCs of the recipient explant, which were GFP Ϫ /p75 ϩ /Sox10 ϩ or GFP Ϫ /p75 ϩ /Sox10 Ϫ , intermingled with GFP ϩ sacral NCCs in the distal hindgut (Figure 3Cii-iv) . In cross sections, GFP ϩ /Sox10 ϩ sacral NCCs were always found in close association with GFP ϩ /Tuj-1 ϩ nerve fibers extending from the pelvic ganglia to the myenteric region (Figure 3Fi-iv) . When the distal one-third of the hindgut at E11.5 was used as the recipient tissue, which had not yet been colonized by vagal NCCs and, therefore, was aneural, GFP ϩ sacral NCCs were also found to be able to migrate from the pelvic ganglion to the distal hindgut along nerve fibers ( Figure 4A-C) .
After entry to the recipient hindgut explant, sacral NCCs differentiated into neurons and glial cells, which were GFP ϩ / Hu ϩ /Sox10 Ϫ (Figure 3Di -iv) and GFP ϩ /Sox10 ϩ /strong B-FABP ϩ , respectively (Figure 3Ei-iv) . Some GFP ϩ cells, which were Sox10 ϩ /weak B-FABP ϩ , were likely differentiating sacral NCCs that had just committed to the glial lineage (Figure 3Ei-iv) .
To have an estimate of the extent of the contribution of sacral NCCs to the ENS, we counted the number of sacral NCCs (GFP ϩ /p75 ϩ /Sox10 ϩ ) and the total number of NCCs (p75 ϩ /Sox10 ϩ ) in the recipient distal hindgut with a counting frame of 300 ϫ 300 m 2 along 1 single optical plane under a confocal microscope, and found that the percentage of sacral NCCs among all NCCs in the distal hindgut was 12.43% Ϯ 2.20% (n ϭ 4). 
Entry of Sacral NCCs Through the Ventrolateral but Not Dorsal Side of the Distal Hindgut
We demonstrated that donor sacral NCCs entered the recipient hindgut segment through its ventrolateral side in close association with nerve fibers (Figures 3Fi-iv,   4Ci-iv) . However, when the GFP-labeled pelvic ganglion was apposed to the dorsal side of the hindgut near its distal end ( Figure 5A ) and cultured, no GFP ϩ cells were found inside the hindgut explants (n ϭ 10, Figure 5Bi-vi) , despite the finding that some sacral NCCs from the donor pelvic ganglion (GFP ϩ /Sox10 ϩ ) were very close to the hindgut explant and that the recipient hindgut had been colonized by endogenous vagal NCCs (GFP Ϫ /Sox10 ϩ ) (Figure 5Bi-vi) . These findings suggested that sacral NCCs were not able to migrate into the distal hindgut through its dorsal side. Intriguingly, when a GFP-labeled vagal NCC donor segment was recombined with a recipient hindgut segment, donor vagal NCCs (GFP ϩ /Sox10 ϩ ) were able to enter the hindgut through both its dorsal ( Figure  5C , Di-iii) and ventrolateral sides ( Figure 5E, Fi-iii) . When apposed to the dorsal side of the recipient hindgut ( Figure  5C ), donor vagal NCCs were scattered and separated from one another on entering the gut (Figure 5Div-vi) , whereas when apposed to the ventrolateral side of the recipient hindgut ( Figure 5E ), donor vagal NCCs entered the gut to form chains of GFP ϩ cells extending caudorostrally (Figure 5Fiv-vi) .
Dynamic Migratory Behaviors of Sacral NCCs Within the Hindgut
To determine the migratory behaviors of sacral NCCs within the distal hindgut, a GFP-labeled pelvic ganglion was apposed to the ventrolateral side of an aneural hindgut segment and cultured for 24 or 48 hours ( Figure 6, Supplementary Figure 6 , and Supplementary Video). The migration of sacral NCCs within the recipient hindgut explants was then recorded every 20 minutes for another 0 -24 hours. Twenty-four hours after culture, at the beginning of the recording, a few donor sacral NCCs (GFP ϩ ) were already observed within the recipient hindgut, all of which were invariably associated with short nerve fibers (GFP ϩ ) extending from the pelvic ganglion (Supplementary Figure 6A) . The short nerve fibers gradually extended caudorostrally with the closely associated sacral NCCs (Supplementary Figure 6B) . Forty-eight hours after culture, GFP ϩ sacral NCCs and their daughter cells were recorded moving along the nerve fibers that extended from the GFP-labeled pelvic ganglion ( Figure  6A -E, Supplementary Video). At the end of the recording, the explant was fixed and stained for Tuj-1 and Sox10. The most rostrally migrating GFP ϩ cell showed strong Sox10 expression, confirming its sacral neural crest origin (Figure 6Fi-iv) . The migration speed of sacral NCCs within the distal hindgut was determined by dividing the distance between 2 locations of a cell body at 2 different time points by the time the cell took to traverse between these 2 locations. Sacral NCCs were found to migrate caudorostrally at around 17 m/h (17.12 Ϯ 2.64 m/h, n ϭ 14 from 6 different preparations).
Discussion
Migratory Pathways of Sacral NCCs
To determine the early migratory pathways of sacral NCCs, we labeled premigratory sacral NCCs in situ with WGA-Au 24 and then cultured the labeled embryos ex vivo by whole embryo culture for up to 36 hours. All the migrating sacral NCCs expressed p75 and Sox10 shortly after they left the neural tube. This p75 and Sox10 double immunoreactivity, which was also observed in vagal NCCs before they entered the foregut, 13 persisted until they reached the hindgut, thus allowing us to track the migration of sacral NCCs with double immunofluorescence from E10.5 onward, when whole embryo culture can no longer support normal development of the E9.5 embryos. 25, 26 Results showed that sacral NCCs emigrated from the neural tube at E9.5, accumulated bilateral to the hindgut to form prospective pelvic ganglia at E11.5, and from there entered the distal hindgut at E13.5. The recombination of a pelvic ganglion with a recipient hindgut segment in organotypic culture proved that sacral NCCs entered the distal hindgut through its ventrolateral side. Hence, our findings demonstrated that mouse sacral NCCs from the neural tube caudal to somite 24 take 2 days (ie, from E9.5 to E11.5) to migrate from the neural tube to the pelvic ganglia and then stay within the pelvic ganglia for about 2 more days (ie, from E11.5 to E13.5) before they enter the hindgut through its ventrolateral side (Figure 7) at the vertebral level of S2 and S3.
Hindgut Colonization by Sacral NCCs Is Independent of Vagal NCCs
We found that sacral NCCs began to enter the distal part of the hindgut at E13.5, a stage at which the rostrocaudally migrating vagal NCCs had not yet reached this distal region. Hence a small caudal region of about 400 m from the migration front of vagal NCCs was devoid of any NCCs when sacral NCCs entered the hindgut. In the chick, sacral NCCs begin to enter the hindgut at E7.0 after vagal NCCs have fully colonized the entire hindgut. 5 Therefore, it was believed that sacral NCCs colonize the hindgut only after vagal NCCs have completed their rostrocaudal migration, 4, 15, 27 and that they may require interaction with, or signals derived from, vagal NCC in order to colonize the hindgut. However, after ablating the chick vagal neural crest, sacral NCCs were still able to colonize the gut and differentiate into neurons and glia. 4 Ex vivo growth of aneural distal hindgut and its associated pelvic ganglia under the renal capsule also showed that sacral NCCs could form enteric neurons without the presence of vagal NCCs. 15 Consistent with these findings, our ex vivo study of the recombination of an aneural recipient hindgut segment with a pelvic ganglion also demonstrated that sacral NCCs could successfully migrate into the distal hindgut from the pelvic ganglia without the presence of vagal NCCs. These previous data, together with our current results, indicate that sacral NCCs are able to enter and colonize the distal hindgut independently of vagal NCCs. 
Unique Migratory Behaviors of Sacral NCCs Within the Hindgut Mesenchyme
Our results showed that after entering the hindgut, sacral NCCs exhibited unique migratory behaviors that were different from those of vagal NCCs. When progressing rostrocaudally toward the hindgut, vagal NCCs at the migration front always migrate in chains and maintain close contacts with one another. 16,28 -31 In the present study, sacral NCCs migrated caudorostrally along nerve fibers from the pelvic ganglia after the nerve fibers had extended into the hindgut. The close association of sacral NCCs with nerve fibers has been implicated previously in the study of Ednrb Ϫ/Ϫ embryos, where both sacral NCCs and extrinsic nerve fibers were present even when vagal NCCs were absent. 32 Sacral NCCs and extrinsic fibers have also been reported in mice lacking GFRa1 or RET. 29, 33 In quail-chick chimeric grafting studies, sacral NCCs were found within nerve fiber tracts derived from the nerve of Remak that penetrated the wall of the colorectum at the level of the myenteric plexus. 5, 8, 34 Therefore, the migration of sacral NCCs in the hindgut is likely to be under the guidance of nerve fibers extending from pelvic ganglia. In contrast, the formation of neuronal processes always lags behind the migration front of vagal NCCs in the hindgut (Young et al 35 ; our unpublished observations). Thus, the migration of vagal and sacral NCCs may be regulated by different mechanisms that include involvement of nerve fiber projections and also possibly different levels of RET expression, as previously shown in the chick. 36 An intriguing finding of our studies is that sacral NCCs were not able to enter the distal hindgut unless they were apposed to the ventrolateral side of the distal hindgut, whereas, on the contrary, vagal NCCs were able to enter the recipient hindgut from both its ventral and dorsal sides. It is still not understood why sacral and vagal NCCs are different in their ability to enter the hindgut, but this appears to be related to the association of sacral NCCs with nerve fibers when sacral NCCs enter the hindgut. It has been shown that inhibition of the extension of extrinsic nerve fibers into the hindgut through expression of the repulsive molecules semaphorin-3A prevents precocious entry of sacral NCCs to the hindgut because sacral NCCs migrate along nerve fibers. 37 However, vagal NCCs are largely not affected because their migration is independent of the presence of nerve fibers. 14 Because most of the nerve fibers from the pelvic ganglia extend into the hindgut through its ventral side, sacral NCCs also enter through the same side. All these findings, together with our observations, strongly suggest that sacral and vagal NCCs have cell-autonomous intrinsic differences in migratory behaviors and their entry to the hindgut may also be regulated differently. 
